The relationship in man between the concentration of inorganic phosphate 3 in serum and its rate of excretion in urine forms the subject of this paper. A particular attempt has been made to distinguish between those variations in the excretion rate which passively reflect changes in serum P concentration and those which are due to other causes. Two general types of experiments have been employed. In the first type, no P, other than that in the usual diet, was supplied. The concentration of P in serum and its rate of excretion in the urine were compared under a variety of circumstances. Normal diurnal variations, the effects of the ingestion of food and water, sleep, activity, and the injection of insulin, were all considered. In the second group of experiments, the relationship between renal excretion of P and the concentration of P in serum was studied after the latter had been artificially raised by the intravenous infusion of phosphate. Such observations in man have apparently never before been described, except for one observation by Schultz somewhat irregular, since some attempt was made to obtain samples in as close a relation as possible to changes in the rate of urinary excretion of P. The subject fasted from the preceding evening until the end of the observation period. Water was given at the rate of 200 cc. per hour during the day of the experiment. The subject remained ambulatory during the period of observation, reading, writing, or doing simple laboratory tasks; no strenuous exertion or exercises were performed. On some days, the customary hours of waking and sleeping were reversed. The subject breakfasted about seven a.m., then fasted for the next twenty-four hours. Collections of urine were started at seven p.m. of the same day and continued throughout the night. The subject slept in the afternoon, and stayed awake all night while urine and blood samples were being collected.
The relationship in man between the concentration of inorganic phosphate 3 in serum and its rate of excretion in urine forms the subject of this paper. A particular attempt has been made to distinguish between those variations in the excretion rate which passively reflect changes in serum P concentration and those which are due to other causes. Two general types of experiments have been employed. In the first type, no P, other than that in the usual diet, was supplied. The concentration of P in serum and its rate of excretion in the urine were compared under a variety of circumstances. Normal diurnal variations, the effects of the ingestion of food and water, sleep, activity, and the injection of insulin, were all considered. In the second group of experiments, the relationship between renal excretion of P and the concentration of P in serum was studied after the latter had been artificially raised by the intravenous infusion of phosphate. Such observations in man have apparently never before been described, except for one observation by Schultz (1) , at moderate elevations of the serum P.
MATERIAL AND METHODS
The experimental subjects included normal individuals and patients with diabetes mellitus. Urine specimens were collected in successive intervals by voluntary voiding, every effort being made to make the collections as complete as possible. Blood specimens under oil were obtained from time to time, allowed to clot, and the serum promptly withdrawn. Inorganic phosphate was determined by the macro method of Fiske and Subbarow (2) . Ultrafiltrates of serum were obtained by the 1 From a thesis submitted by Robert W. Ollayos to the Yale University School of Medicine in partial fulfillment of the requirements for the degree of Doctor of Medicine, 1941. 2Aided by grants from the Ella Sachs Plotz Fund and from the Fluid Research Fund, Yale University School of Medicine.
sHereafter the symbol "P" will represent "inorganic phosphate." method of Lavietes (3) . Diurnal variations of renal excretion were studied in a healthy, young, adult, medical student (R. 0.). In most of the experiments, collections were begun about seven in the morning and continued at approximately hourly intervals throughout the day and evening. Blood samples were obtained five or six times during the experiment. The intervals between were somewhat irregular, since some attempt was made to obtain samples in as close a relation as possible to changes in the rate of urinary excretion of P. The subject fasted from the preceding evening until the end of the observation period. Water was given at the rate of 200 cc. per hour during the day of the experiment. The subject remained ambulatory during the period of observation, reading, writing, or doing simple laboratory tasks; no strenuous exertion or exercises were performed. On some days, the customary hours of waking and sleeping were reversed. The subject breakfasted about seven a.m., then fasted for the next twenty-four hours. Collections of urine were started at seven p.m. of the same day and continued throughout the night. The subject slept in the afternoon, and stayed awake all night while urine and blood samples were being collected.
Serum P and renal excretion rate of P were studied in three hospitalized, diabetic patients under insulin therapy. The dietary and therapeutic schedules were not disturbed. Serum P and urinary excretion rate of P were followed in relation to meals and to insulin therapy during the morning and early afternoon, in very much the same way that they were studied in the normal subject.
Four subjects, three normal and one with mild essential hypertension, received infusions of 500 cc. of isotonic neutral sodium phosphate solution. Figure 1A are presented the diurnal variations of P excretion, and of serum P, in the normal fasting subject, on a single typical day. 3 hours, the rate of excretion persisted at a low level for another three to nine hours. The transitory increase in the excretory rate of P at about 2 a.m. did not always appear. After falling off for a time, the rate of excretion once again increased markedly during the morning hours after a sleepless night. The characteristic curve of P excretion in this group of observations ( Figure  iB) , therefore, differs in form from that of the same subject with a normal cycle of sleeping and waking ( Figure IA) . No regular pattern of variation in the serum P, corresponding to variations of P excretion in the urine, can be seen in any of these experiments with the normal diurnal variations of P excretion. In four of the six experiments, the serum P concentration decreased between the first and third hour after rising. In one control observation, there was a sharp, unexplained rise in the serum P to 5.7 mgm. per cent during the early evening, unassociated with any increase in the renal excretion of P.
(B) Effects of food and insulin In Figure 2A , the effects of a high carbohydrate breakfast in a normal subject are shown. No other food was taken during the period of observation. The fall in excretion rate seen in a fasting subject during the second hour after arising is replaced by a moderate rise in excretion rate of P immediately after breakfast. Similar results were obtained in two other subjects. The rate soon falls off again, and the remainder of the daily cycle is indistinguishable from that of the completely fasting subject.
In the three diabetic subjects receiving insulin, there was, on the other hand, an initial decrease both in the serum P and in the urinary excretion rate of P following breakfast and insulin ( Figure  2B ). No good quantitative relationship and no exact synchrony could, however, be established between serum P and urinary excretion rate of P. Thus, in the experiment of Figure 2B , serum P concentration was still decreasing at the same time that the renal excretion rate was beginning to return to its initial value. In another experiment, there was an almost complete absence of P from the urine, while the concentration of P in serum was 3.1 mgm. per cent, a concentration (C) Statistical relationships of urinary excretion of P to serum P concentration and to rate of urine flow
In Figure 3 , the urinary excretion rate of P, in all experiments in which no P was injected, is plotted against corresponding serum concentration. The latter values Wvere obtained by interpolation. There is almost no statistical correlation between the two variables. In the individual -observations of diurnal variations of P excretion, there was no discernable relationship between the excretion rate of P and the rate of urine flow (Figures 1 and 2 ). This conclusion is confirmed by the evident lack of correlation between these two variables in Figure 4 sharply with the lack of correlation between the two when no P is injected (Figure 3) .
Some estimate of the distribution of injected P between cellular and extracellular fluid of the body has been made in the last three columns of Table I . It has been assumed that the extra--cellular fluid of the body constitutes 25 per cent of the body weight, and that the concentration of P in the extracellular fluid is identical with that in an ultrafiltrate of serum. Ultrafiltrates of serum were made in one experiment (number 4 of Table I ), and the concentrations of P in the ultrafiltrates did not differ by more than 5 per cent from the concentrations in the corresponding whole sera. It was therefore assumed in the other experiments that concentration of P in serum could be used as an approximation of its concentration in ultrafiltrate. The percentage of the injected P present at any time in the extracellular fluid is therefore: Body weight (kgm.) 4 X Increase in serum P X 10 X 2985' where the increase in serum P is expressed in mgm. per cent, and 2985 represents the number of mgm. of P injected in each experiment. Urinary recovery has been estimated by subtracting an assumed average endogenous P excretion rate of 0.5 mgm. per minute from the total urinary excretion of P. The difference between the total amount of P injected, on the one hand, and the sum of the P recovered from the urine and that still present in the extracellular fluid, on the other, must represent P which has entered cells or has been excreted into the gut. Between 20 and 34 per cent of the injected P was regularly present in this "remainder" within the first hour after injection. From that time on, the amount increased very slightly or not at all during the next few hours, while, at the same time, the extracellular fluid was losing its P to the urine. As a result, only 60 to 70 per cent of the injected P was recovered during the course of our experiments, even though in one instance (number 4 of Table I), the serum P had returned to normal.
DISCUSSION
Under normal circumstances, the concentration of P in serum evidently does not determine completely the rate of urinary excretion of P, since the latter may vary quite independently of the serum P (Figure 3) . The fact that no constant parallel change in the concentration of P in serum accompanies the wide variation of urinary P during the normal diurnal cycle proves that the rate of urinary excretion is much affected by factors other than serum P concentration ( Figures 1A  and iB) . On the other hand, we know that, after injection of P, changes in concentration of P in serum are reflected in changes in the rate of urinary excretion of P ( Figure 5 ). It is also quite possible that the same thing is true under more normal circumstances, except that the changes in the serum P are usually masked by quantitatively more important changes, due to other causes. For instance, insulin and carbohydrate administration cause a reduction in the serum P, due mainly to a passage of P out of the extracellular fluid into the cells ( Figure 2B) ; this reduction is regularly paralleled by a reduction in the rate of urinary excretion of P. It seems reasonable to believe that the change in the rate of urinary excretion is simply a reflection of the change in serum concentration. It is possible that, in a somewhat similar way, the marked increase in the rate of excretion of P following prolonged acidosis, due to excessive carbon dioxide (5), only reflects the rise in concentration of serum P. On the other hand, the increased rate of P excretion, which often follows the ingestion of food by normal subjects not receiving insulin (Figure 2A) , is apparently unrelated to changes in the serum P. The marked increase in the urinary output of P following parathormone, without much change in the concentration of P in serum (6) , indicates that this hormone acts directly on the kidney, rather than indirectly through a control of the serum P. If P in urine is derived from serum P passing through the glomerular filter, then variations in tubular reabsorption must be quite as important, under normal circumstances, as variations in the concentration of P in the glomerular filtrate in governing the rate at which P is finally excreted in the urine.
In marked contrast to the situation at normal concentrations, serum P concentration seems to be the main correlative of the rate of renal excretion of P whenever serum concentration is increased well above normal (Table I and Figure 5 ). The findings in man in this respect are quite similar to those in the dog (8 to 11) and in the rabbit (7). In view of the different relationship between serum P and renal excretion rate, at normal and at artificially elevated serum P concentrations, the transition from elevated to normal levels of serum P are of especial interest. Experiment 4 of The kidney is evidently the chief channel through which large sudden additions to the P of the body are removed, since about two-thirds of the injected P was recovered from the urine, even before the serum P and the renal excretion rate had returned completely to normal. In addition to the amounts present in the extracellular fluid, there is still a considerable fraction of the injected P which has been segregated elsewhere in the body. The partition between cells (or bone) and the bowel of this segregated balance is not known. As has been pointed out, the segregation takes place almost entirely within the first hour after infusion. After this time, the fraction increases slowly or not at all, so that there can be little continued excretion into the bowel and little loss from the cells. If any considerable portion of this fraction is, in fact, excreted into the gut, such excretion must take place initially with great speed, then suddenly almost cease. Studies with radioactive P have suggested that, contrary to older beliefs, the only P normally excreted into the gut is that which forms a part of the intestinal secretions. Our observations on the distribution of injected P do not indicate any sustained ability of the gut to adjust its excretion of P to the presence of acute hyperphosphatemia, and are entirely consistent with a negligible increase in excretion into the gut.
The results of the attempt to alter the diurnal P tide by reversing the hours of sleeping and waking are not easily explained in their entirety. The initial fall in the excretory rate of P upon rising in the early evening, after an afternoon's sleep, is similar to that observed in the midmorning hours following a customary sleep during the previous night. This decrease may be related to the increased muscular tone and muscular activity attendant upon waking life (12). The later, long continued reduction of P excretion, with a reversal of normal waking and sleeping hours, has no counterpart in the normnal diurnal pattern of P excretion. Had the normal tide been completely reversed, or had the usual excretory pattern persisted, a high rate of excretion of P between midnight and 7 a.m. would be expected. Ingestion of food and recovery from exercise, the commonest means of producing a fall in the renal excretion rate of P, were excluded by the conditions of the experiment. Although no adequate explanation is available, it is apparent that diurnal variations in P excretion are not entirely attributable to the transition from a state of sleep to one of wakefulness.
The changes in serum P concentration and renal excretion rate of P in the diabetic subjects following food and insulin confirm the findings of other workers (13 to 16). The increased renal excretion of P in certain normal subjects following the ingestion of food appears to support the contention that a decrease in the excretion of P does not invariably follow the administration of carbohydrate (17 to 22). The value of this evidence is, however, lessened by the fact that the meals are not purely carbohydrate in composition, and that therefore an unknown amount of fat was ingested along with the carbohydrate.
CONCLUSIONS
(1) The rate of urinary excretion of P in man under normal circumstances does not depend primarily on the concentration of P in the serum, although it may be influenced by changes in the latter.
(2) Following the intravenous injection of large amounts of neutral isotonic sodium phosphate solution in normal man, the rate of urinary excretion of P is mainly determined by the concentration of P in serum.
(3) Injected P is distributed through a greater volume than that of the extracellular fluid.
